Summary. We describe the three-dimensional organization of the microvasculature of human palatine tonsils as revealed by the vascular corrosion casting/scanning electron microscope method and light microscopy of sections. The tonsillar arteries travel in the connective tissue septa and give off many branches. They further branch into arterioles which in turn enter the follicle and the interfollicular region. These arterioles, giving off capillaries en route, reach the subepithelial region where they break up into sinusoidal capillaries. The subepithelial capillary network overlying the follicle protrudes hemispherically towards the crypt, while that overlying the interfollicular region has many switch-back loops of capillaries projected towards the crypt. The subepithelial sinusoids gather into the high endothelial venules (HEVs) which, collecting capillaries in the follicle and the interfollicular region en route, course down into the interfollicular region alongside the follicle. The HEVs surround the lateral and basal surfaces of the follicle and ultimately lead into the ordinary veins in the septa. The subepithelial sinusoids seem to be involved in taking up immunoglobulins secreted by plasma cells and any other substances released by lymphocytes and/or macrophages as well as supplying the tissues with necessary oxygen and nutrients. That the HEVs are downstream to the subepithelial sinusoids suggests that some substances which are taken up into the sinusoids and transported to the postcapillary venules induce differentiation of HEVs and maintain them.
The palatine tonsils occupy strategic positions at the beginning of the gastrointestinal tract to sample orally taken antigens and to initiate immune responses (OLAH, 1978; OWEN and NEMANIC, 1978) . It is widely accepted that lymphocytes proliferate and differentiate in the gut-associated lymphoid tissues, including the tonsil, and are transported by efferent lymphatic vessels and their collecting ducts to the bloodstream (FORD, 1975) , and that lymphocytes recirculate from the bloodstream into the lymphoid tissues through high endothelial venules (HEVs) (GOWANS and KNIGHT, 1964; STAMPER and WOODRUFF, 1976; UMETANI, 1977; CHO and DE BRUYN, 1986) . In this way, the vascular system of tonsils plays an important role in their immune responses.
However, the blood vascular system of human palatine tonsils has not been described in detail (NAUMANN, 1954; FIORETTI, 1961; FALK, 1963) . The three-dimensional organization of the tonsillar microvasculature has, to our knowledge, not been reported, except in our previous study of rabbit palatine tonsils by scanning electron microscopy (SEM) of vascular corrosion casts (TERASAWA et al., 1988) . We have conducted the present study by SEM of vascular corrosion casts, and have identified the threedimensional organization of the tonsillar microvasculature in humans. Our results show that, as in the rabbit, the capillaries located below the highly reticulated epithelium drain into the HEVs which course down in the interfollicular region.
MATERIALS AND METHODS
Ten human palatine tonsils were obtained from patients operated on for tonsillar hypertrophy at the Mizushima Kyodo Hospital, Okayama, Japan. The vascular corrosion casts of the palatine tonsils were made according to the method developed by MURAKAMI (1971) . After tonsillectomy, a taper can-nula with a one ml syringe was inserted into a capsular vein, and the cannula was fixed with the capsule using adhesives (Alon alpha, Nikoshi KK, Osaka). The organ was perfused with 0.9% saline through the cannula, followed by injection of 2-3ml of casting medium (Mercox, Oken Shoji, Osaka). After immersing in a hot water bath (600C) for several hours, the injected organ was placed overnight in a 15-20% NaOH aqueous solution at 60°C. The corrosion casts thus obtained were washed in running warm water for a day. The casts were frozen in water, cut into blocks of suitable sizes with a razor blade, and air dried. The blocks were mounted on metal stubs with silver paste (Dotite Type-550, Fujikura Kasei, Sano), coated with gold in a Polaron SEM coating system (Polaron Equipment Ltd., Watford), and observed under a JSM U3 scanning electron microscope (JEOL, Tokyo) at an accelerating voltage of 5 kV.
Several segments of the palatine tonsils were prepared for light microscopy. The tissue pieces of the palatine tonsils were fixed in either 10% formalin or Bouin's fixatives, dehydrated through a series of graded concentrations of ethanol, and embedded in either paraffin or Technovitt 7100 (Kulzer, Friedrichsdorf). Paraffin sections about 20jim thick were stained with the modification (ISHII and ISHII, 1965 ) of the Bilschowsky-Maresch's silver impregnation technique (MARESCH, 1905) . Paraffin sections about 5-7 cm thick were stained either with hematoxylineeosin or with Goldner's modification (GOLDNER, 1938) of Masson trichrome staining (MASSON, 1928) . Technovitt sections 1-3um thick were stained with 0.2% toluidine blue (pH 7.2). All of the sections were observed and photographed with an Olympus photomicroscope (BH-2 with PM-LOADS; Olympus, Tokyo). 
RESULTS

Scanning electron microscopy of vascular corrosion casts
Retrograde injection of resin through the main draining vein of the human palatine tonsils filled almost the entire vascular bed of the organs obtained by surgical operations (Figs. 1-4) . However, there were masses of resin leaking out of the blood vessels, especially frequently within the follicles (Figs. 1, 2) .
The arteries of the palatine tonsil traveled in the connective tissue capsule and issued many branches. They branched into arterioles that gave off many Fig. 3 . A scanning electron micrograph of a vascular corrosion cast of human palatine tonsil viewed from the crypt lumen. There are many switch-back loops of capillaries (arrowheads) projecting towards the crypt lumen, except directly over the follicles (F). In the interfollicular region around the follicle there are some HEVs (H) into which the subepithelial capillaries drain. x110 capillaries in the connective tissue septa en route and entered either the follicle or the interfollicular region (Fig. 1) . These arterioles, giving off capillaries in the follicle and the interfollicular region en route, reached the subepithelial region where they formed dense subepithelial capillary networks (Fig. 1) . The capillary plexus in the follicle was coarser than that in the subepithelial region (Figs. 1, 2) .
The subepithelial capillary network overlying the follicle protruded hemispherically towards the crypt (Figs. 2, 3) . The network possessed many switch-back loops of capillaries projecting into the crypt epithelium, except for the network located directly over the follicle (Fig. 3) . Most of the capillaries below the crypt epithelium were large (20-40, um in diameter), showed many bulges, and took tortuous courses (Figs. 2-4 ). There were many switch-back loops of capillaries below the stratified squamous epithelium of the tonsillar surface which faced the pharynx.
The subepithelial capillaries gathered into venules which ran into the subepithelial region. These venules were rather abruptly connected with the HEVs in the interfollicular region (Fig. 4) . The casts of the HEVs showed irregular surfaces containing numerous depressions and protrusions (Fig. 4) . The HEVs, collecting capillaries in the follicle and in the interfollicular region en route, coursed down into the interfollicular region alongside the follicle and ultimately led into the ordinary veins that ran in the septa or in the capsule (Figs. 1, 4) . Thus, the coarse network of HEVs surrounded the lateral and basal surfaces of each follicle.
Light microscopy
Numerous lymphoid follicles were arranged in a monolayer below the crypt epithelium (Fig. 5a ). The epithelium with its basement membrane overlying individual follicles frequently protruded hemispherically towards the crypt lumen. The crypt epithelium, which was principally a stratified squamous epithelium, was highly reticulated by infiltrations of lymphocytes, macrophages and other free cells, thus forming a lymphoepithelial symbiosis (coined by FIORETTI, 1961) (Fig. 5b ). There were papillae protruding into the epithelium overlying the interfollicular region. Each papilla contained a hairpin loop of capillary. The follicle consisted of a germinal center and a dark shell (or mantle zone) capping the germinal center (Fig. 5a) .
Immediately below the basement membrane of the crypt epithelium there were many capillaries of various calibers. In the interfollicular region there were only a few capillaries and arteries, but were many HEVs that were lined with cuboidal endothelial cells (Figs. 5c, d) . Around the bottom of the follicle there were also thick HEVs. In the follicle there were also capillaries, but their number was less than that in other compartments of the tonsil. Around the lateral surface and the bottom of the follicle there were many lymphatic vessels (Fig. 5c ). In the connective tissue septa, there were many large veins, arteries and lymphatic vessels. ed by us (TERASAWA et al., 1988) . Furthermore, the microvascular pattern of human palatine tonsils is basically similar to that of other gut-associated lymphoid tissues such as Peyer's patches (BHALLA, MURAKAMI and OWEN, 1981; YAMAGUCHI and SCHOEFL, 1983) , and appendices (OHTANI, unpublished data), except for the microvascularization over the interf ollicular region. The microvascular pattern of the human palatine tonsil revealed by the present study is schematically illustrated in Figure 6 .
It is noteworthy that the capillaries immediately below the crypt epithelium are both larger than those commonly seen in other tissues and contain many bulges. This suggests that these subepithelial capillaries are sinusoids. Although the ultrastructure of the subepithelial capillaries largely remains to be elucidated, it has been reported that the capillaries have fenestrations (KAMAGUCHI, 1967) . Sinusoids, especially those with fenestrations, facilitate the interchange between blood and tissues so that blood fluids and macromolecules can readily pass back and forth between the two compartments.
There are many lymphocytes, macrophages and immunoglobulin-containing plasma cells abutting on these sinusoids (SCHMEDTJE and BATTS, 1973; FALK and MOOTz, 1973; MOGI and MAEDA, 1978; MAEDA and MOGI, 1979) . In this connection, the subepithelial sinusoidal capillaries seem to be involved in taking up immunoglobulins secreted by plasma cells and other substances as well as supplying the tissues with necessary oxygen and nutrients.
Particularly noteworthy is that the HEVs are downstream to the sinusoidal capillaries which are located immediately below the epithelium infiltrated by numerous free cells such as lymphocytes and macrophages. Such a microvascular pattern of the tonsil seems to facilitate the transportation of some substances taken up into the capillaries to the postcapillary venules where their condensations can reach above a certain level so that the substances can induce differentiation of high endothelium. Evidence has been accumulated that suggests that the endothelial specialization of HEVs may be determined by local microenvironmental factors, rather than by the selective population of particular vessels by distinct endothelial cell lineages. HEVs can appear in any site in association with long-standing chronic inflammation (GRAHAM and SHANNON, 1972; FREEMONT, 1983; FREEMONT et al., 1983; FREEMONT and FORD, 1985) . DUMONDE et al. (1982) have demonstrated that lymphokines injected intradermally into tumorbearing patients can induce mononuclear cell infiltration and hypertrophy of vascular endothelium.
Recent studies have demonstrated that interleukin-1 enhances the functional capacity of cultured human umbilical vein endothelium to bind neutrophils and myelomonocytic cells (BEVILACQUA et al., 1985; LAVENDER et al., 1986) . DUIJVESTIJN et al. (1986) have described a monoclonal antibody that defines an endothelial cell differentiation antigen selectively expressed on high endothelium in the mouse, and demonstrated that interferon-y can induce the antigen in the mouse lung or bone marrow-derived endothelial cell lines in vitro. HENDRIKS and EESTER-MANS (1983) have reported that the HEVs in the rat lymph nodes disappear within 3 weeks after occlusion of afferent lymphatic vessels, but are restored by injection of antigens into the lymph nodes. Thus, it seems possible to say that the microvascular pattern of tonsils is so organized as to induce differentiation of HEVs and to maintain them. Such a microvascular organization seems to contribute to the development and maintenance of lymphoid follicles as well.
